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ABSTRACT

The synthesis and fire retardancy of several
of 2,4-pentadienoic acid were investigated.

bromoeste~

The synthesis

of 2,4 entadienoic acid was accomplished by liquid phase reaction of acrolein and malonic acid in the presence of pyridine.
The conversion of the acid to bromoesters was performed by
two different procedures.

In the first procedure, the corres-

ponding acid chloride was prepared from the acid via reaction
with 30Cl2 in the presence of powdered (3A0

)

molecular sieves.

The molecular sieves serve as an internal trap for by-product
HCl and inhibit the competing polymerization reaction of the acid

chloride.

Reaction o! the acid chloride with various alcohols

provided the unsaturated esters.
The final step in the first procedure is total bromination
of the unsaturated esters.
The second procedure involved bromination of 2,4 entadienoic
acid followed by reaction of the bromo acid with SOC12 to produce
the corresponding bromo acid chloride.

Reaction of the bromi-

nated acid chloride with alcohol provided the corresponding brominated esters.

A simple laboratory test was developed to mea-

sure and compare the flame retardancy of the bromoesters.
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TI'iTRODUCTION
Background Information
The United States has the largest number of fires in the world.
Each year there are 2 . 6 million fires resulting in 7500 deaths and
more than four billion dollars in direct property damage • 1

Since

the late 18th centur.y, there have been a large number of industries
involved in the production of flame retardants.

These materials

are both natural and synthetic in origin and have found a variety
of applications in helping to reduce different types of fire hazardso
Today much is known about the way flame retardants work and
researchers are using this information to improve the flame retardancy of various materials .

However, in many cases, solutions are

based on limited experience and assumptions, thus, there is still the
need for more research on extinguishing agents in order to improve
their effectiveness.~

Anyone who has been near a roaring fire or

who has known burn victims are aware of the need of rapid, effective
fire suppressants .

In the area of building construction,

especi~

modern

buildings, there are regulations concerning the use of firetrucks
and sprinkler systems to extinguish fires, but in many cases, '\ihe
water damage can match or even exceed the direct fire damage.

Even

with these problems, water is still the most deliverable, often
the most available suppressant for a
tion.

f~

developed conflagra-

However, in some situations, particularly indoors, using

water is not the best choice as a fire extinguishant, and in these

2
areas, a less massive agent is desirable.
In many cases of fire, people need to remain in the area to

secure valuables or expensive and heavy equipment which are present.

Or perhaps, the fire is too small to warrent calling the

fire department.

In any event, a convenient, local, non- destruc-

tive, and physiologically tolerable fire suppressant is desirable.3
An early alternative candidate to water was carbon tetra-

chloride.

It is an effective flame quenching agent but is too

toxic to use indoors.

However, the application of halogenated

flame retardants to extinguish a flame was so effective that copious testing was performed on a wide variety of these compounds.
These agents are commonly lmown as halons.4

Most of these sub-

stances were found effective, but some were found to present unacceptable health hazards.
tod~

The major halon agents in commercial use

are CF Br halon(lJOl), CF2C1Br halon(l211), and C2F4Br 2 halon
3

(2402).

In 1972, a National

Acad~

of Science Committee and a National

Research Council Committee held a s.ymposium to evaluate the toxicology and usage of these major halons.

Some of these agents dis-

play variable degrees of effectiveness in

f~re

suppression as well

as potential p~siological hazards.J
There were several complementary approaches to improve knowledge
in this direction in the symposium.

Investigations on the basic pro-

cess occurring in inhibited flames and deducing the mechanistic elements for suppressing fires by halons were the main interests.

These

approaches would be helpful for other researchers in the area of fire
protection.

3

History

I.

General History

Research into what causes a substance to burn and ho"'"r the combustion process
many lears .

m~

be altered or stopped has been conducted for

For example, attempts to make fabrics flame retardant

can be traced back to the early seventeenth century.
The major aspect of fire problems is not only based on life
hazards and property damages, but on the pollution of the air, the
"Nater, and the ground.

In this context, fire safety is considered

to be more important than ever.

As a consequence, there has been

an increase in the regulations, security, and safety of fire retardant materials.

Similarly, the proof of safety of many products

such as pesticides and phar.maceuticals are being firmly placed on
their manufacturers.

The fire safety of these materials in many

different areas are the main concern.

Thus, there are a large num-

ber of private industries and goverrunent laboratories searching for
better ways of controlling the flammability of chemical products.
These trends led to the establishment of new federal laws in
the mid 1960's that defined the national interest in fire safety.
These laws are principally concerned with the flammability of certain fcbrics, aircraft interiors, and to a lesser extent, the
interior of other means of transportation.

Accordingly, funds were

allocated for research designed to define fire safety problems, improve fire retardancy in the desired products, and alter and control the behavior of materials in the combustion process.6

Flame retardant chemicals have been lmown since ancient times .
Various inorganic chemicals were used by early Egyptians; for example,
clay lvas used to add flame retardancy of woven cotton.

In 83 B. C. ,

during the seige of Piraous in Greece, solutions of alum were used
to make wooden storming towers fire resistant .

In 1638, clay and

gypsam were first used by Parisian to make canvas scenery flame: resistant in theaters .

In 1735, Obadiah- \J.yld was granted a patent to

make fire retardant cellulosic materials by a mixture of alum, f er rous sulfate, and borax .

In 1821, a flame retardant mixture of anuno-

nium phosphate, ammonium chloride, and borax was made by the famous french chemist, Joseph Louis Gay-Lussac.
to treat linen and jute fabrics.

This mixture was used

In 1902, the first process for im-

parting durable flame retardancy to cotton was established by Henry
Perkins in England.

This process used stannic oxide to make cotton

flannelette, lace curtains, muslin, and other fabrics flame resistant .
In the 1930's a new process was developed by using flame retardant

mixtures containing metal oxides or salts, together with chlorinated
organic compounds to make flame retardant cotton.

This mixture con-

sisted of ant:unony trioxide suspended in chlorinated paraffins or
polyvinyl chloride.

It was used in fabrics, tents, tarpaulins, and

clothing .
II.

History of Halogenated Fire Retardants . 5

Halogenated hydrocarbons ("halons'') have been employed as fire
suppressants since the 18th century. )

In the late 1800's, carbon tetrachloride was used as an effective
fire extinguishant.

In the early 1900 1 s, the production of c arbon

tetrachloride increased because of the availability of cheap chlorine

5
from the electrolysis of caustic soda from brine, and for the first
time, handpump fire extinguishers containing carbon tetrachloride
were introduced to the market.7

These fire extinguishers were used

in small aircraft systems to extinguish engine fires, but later were

rejected by the U. S. Arrrry Air Corp in favor of carbon dioxide.
In the late 1920's, methyl bromide was found to be more effective

than carbon tetrachloride, but it was considered to be more toxic.
Its use was rejected in the U.

s.

because of this reported higher

toxicity, but in 1938, the British employed it as a standard agent
for aircraft extinguishing systems .

It was widely used by the Ger-

mans for aircraft and marine protection, but later lias rejected
because of its toxicity. 8

In the late 1930's, the Germans developed

the use of chlorobromoethane, which is somewhat less toxic than
methyl bromide but is still a highly effective extinguishing agent.
Chlorobromomethane was evaluated by the U.
istration and was adopted by the U.

s.

s.

Civil Aeronatics Admin-

Air Force for on-board fire

extinguishing systems, for aircraft power plants, and as a portable
fire extinguisher aboard aircraft .
are still in service .

Many of these fire extinguishers

In 1948, the U. S. Arrrry initiated a research

program to develop an extinguishing agent more effective and less
toxic than chlorobromomethane or methyl bromide.

About sixty can-

didate agents were evaluated for effectiveness and toxicity.

Most

of these compounds were halogenated hydrocarbons, but because of
their long names, the Army established a nomenclature system known
as the ''halon" to identi.f.'y these types of compounds.

This new

6

system identifies the empirical number representing the number of
carbon, fluorine, chlorine, bromine, and iodine atoms in the molecule, respectively.

Terminal zeros are dropped so that the resulting

number may have only two, three, or four digits.

The Army has

selected the following four halon agents for further evaluation:
1.

Halon 1301, bromotrifluoromethane.

2.

Halon 1211, bromochlorodifluoromethane .

3.

Halon 1202, dibromodifluoromethane.

4.

Halon 2402, dibromotetrafluoroethane.

These evaluations resulted in the selection of halon 1301, by the
Army for a small 2

314

pound portable fire extinguisher.

In 1966, the National Fire Protection Association {NFPA) organ-

ized a technical committee to develop standards for s.ystems using halon
1301 and other halons.

At the present time, there are a variety of halons for commercial
use on the market.

There have been a nwnber of fire extinguislunent

testing programs on the halons by different manufacturers and testing
laboratories.

This has led to the classification of halons into two

major groups:

the portable extinguishers and the total flooding sy-

stems.
A.

Portable extinguishers include the fire extinguishing agent

which are applied directly to the burning surface.
B.

Total flooding systems are those in which a supply of agent

is discharged mechanically to the burning surface and fills it .uniformly with the agent to extinguish the fire.

Total flooding systems

7
are classified as follows:
1.

Flame extinguishment - the agent is applied to extinguish

an existing fire, usually a diffusion flame.
2.

Inerting - the agent is applied to the surface to prevent

ignition by an ignition source.

3.

Explosion suppression - the agent is rapidly injected to

the flame front to suppress it before it causes more damage.

4.

Local application system - the agent is discharged directly

onto a burning surface.

5.

Special systems - these systems are designed to protect
"'

special fire hazards such as aircraft engines, race cars, etc.
There have been several tests to evaluate these agents in a
number of different applications to provide a comparison between
their effectiveness and toxicity.~

These evaluations will be ex-

plained later in this paper.
Production of

Fire Retardant Chemicals

There is no exact estimate of the total annual production of
flame retardants from the llDre than

40

U.

s.

producers.

However,

there seems to be little doubt that the output has been increasing
and will continue to do so.

For example, some market research or-

ganizations predict that the use of flame retardants in plastics will
grow at the rate of 10% a year over the next five years.

Others

e~t-

imate that the total output of flame retardants rose from somewhere
between about 150 and 195 million pounds in 1971 to between about

310 and 360 million pounds in 1977.

This output is predicted to

8
increase to between about 400 and 475 million pounds in 1981.
Typically, about two- thirds of this production goes into carpet
and rug production

.?

Table I shows the demand of flame retardant

chemicals in production of different materials .
TABLE I

Demand Of Fire Retardant Chemicals For
Different Purposes
e of Product
Carpet and rugs

Estimated in 1977

Forecas~ in 1981

230 - 260 M lbs

260 - 280 M lbs

Construction

40 -

5o M lbs

Bo - 100 M lbs

Transportation

13 -

16 M lbs

18 -

22 M lbs

Home Furnishing

8 -

10 M lbs

20 -

40 M lbs

20

20 -

25 M lbs

Miscellaneous
Total

The application

15 -

~

lbs

309 - 360 M lbs

402 - 473 11 lbs

of fire retardant chemicals in different areas

such as plastics, fibers, and in fire resistant foams for aerospace
purposes are discussed in a number of references.l~3.~S.;~ For example,
the use of fire retardant chenrl.cals in the United States in 1966 just
for the plastic industries was 117 million pounds .

Table II shows

the production of different fire retardant chemicals in the plastl.c
industries .

TABLE II
Production of Different Fire
Retardant Chemicals in Plastic Industries
Name of Fire Retardant

Production

Phosphorus Compounds

46

Halogenated Compounds

27

Antimony oxide

22

Others

22

~~

lb

-117

Total

Projections for 1967 were as high as 130 M lbs .

This tabulation

would separate synthetic materials, which are made fire retardant
by their chemical structure, from those having the same characteristic .by addition of fire retardant elements .

The major reason for

the expanding use of fire retardants in recent years has been the
increase of federal laws and state regulations for
keted products.

commercial~

mar-

In addition, underwriter regulations have encouraged

the use of fire retardant chemicals in various products,
fabrics and plastics.

especi~

Use of fire retardant chemicals in the uphol-

stared furniture market has been predicted to increase from

5 to

45 million pounds in 1982. 5
The consumption of all types of fire retardant chemicals in
polymers has been increasing rapidly for several years and amoWlted
to 84 million potmds in 1964.

F~gure

1

sho1o~s the rapid increase

in sale of additive fire retardant chemicals between the years 1960
and 1968. 9

10

80

r-------------------------------------

Q)

r-t

"'

(/)

40~----------~--------~--------~--~
1980 1961 1962 1963 1964 1965 1966 1967 1968
Years

Figure 1 .

RapJ.d Increase In Additive Fire Retardants Sale

ll

The growth in production of fire retardant materials will depend on what regulatory policies are adopted in the future.5
Definitions
I.

Oi..scussion of Some Terms

The terms fire retardant, fire resistant, flame retardant,
flame resistant are often used interchangeably.

and

However, depending

upon the application of particular materials, considerable differences
have been made among these terms.5

1.

. flame retardant chemical enables a material to resist

burning "men exposed to a relatively low energy ignition source,
such as cigarette, match, candle, cigarette lighter, or stove burner.
2.

.tt.

fire retardant, on the other hand, causes a material to

resist burning 1-rhen subjected to high energy ignition source, such
as a flamin6 pool of gasoline or a flaming sofa.
used in some paints, for instance, are

proper~

However, the term "fireproof'' is not used
rarely used.

The retardants
called fire retardant.

loose~

and indeed, it is

This term is avoided by specialists in the field be-

cause they believe that there is almost nothing totally immune to
the effect of a huge, raging fire.

rhen the ter.m

f~reproof

is used,

it implies that the material is totally unaffected in its properties
by fire.

That is, it is neither consumed nor altered in aqy impor-

tant respect by fire.

Thus, the material cannot contribute to the

fire or propagate it.

For example, steel is not fireproof; it softens

near 540°C and yields Wlder stress at higher temperatures; on the. other
hand, the terms fire retardant or flame retardant are relative .

They
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imply that the materials are reduced in flammability, burn slowly,
and do not propagate fire rapidly.

SUch materials are, however,

altered and c·onsumed during the combustion process.

Examples of

fire retardant substances are ammonium phosphate and halogenated
hydrocarbons. 6
II.

Definition of Flame

In essence, the apnearance of a flame is caused by a self-Pro-

pagating, exothermic reaction which is accompanied by a luminous
reaction

one.

The flame color varies

to yel -ow hydrocarbon flame.

bet~v-een

blue hydrogen flame

Basically, flames are of two types:

Premixed flames - where the fuel and oxidant ·are · intiin~tely

•

mixed before ignition occurs.
B.

Diffusion flames - where the fuel and oxidant meet at the

flame front.
III.

aurning Velocity and Adiabatic Flame Temperature

The burning velocity and adiabatic flame temperature are t1vo
oroperties of premixed flames 1-lhich can be defined, and within certain experimental limits measured.

The burning velocity is defined as

the rate at ·ihich a plane flame front advances into the cold Wlburned
gas.lO

The velocity depends on the inlet condition, temperature, and

pressure.

It is measured by flame geometr,y and overall flow

rate~

Burning velocity (Vo), in em per second, is equal to the approach velocity (Vg), in em per second of the gas multiplied by the sine of the
angle (Q.) bett¥een the axis and flame front .

Figure 2

sho~-1s

the sche-

matic diagram of burning velocity.

,
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~-

Post-Luminous

0- Luminous
~:m- Pre- Luminous

Figure 2.

Schematic Diagram of Burning Velocity

Vo = Vg Sin Q
Vo • Burning Velocity of the Gas em/sec .
Vg • Approach Velocity of the Gas em/sec .
Q =

Angle Between the Axis and Flame Front.

}fechanism of Flc3i11e Retardant
I.

Chemicals In Combustion Process

Process Involved when a Hydrocarbon Burns.
A simple example shows what happens when a hydrocarbon burns.l
-combustion Process in the burning of methane.

(1)
Even this simple reaction involves several different free radidal initiation and propagation steps which help the burning and
chain branching s.teps which will accelerate the burning with an explosive force.
burning process.

Termination occurs when radicals are removed from the
Certain free radicals such as H.,

Ho·,

and

o·,

carry the flame during the combustion of methane or any other hydrocarbon

and pol.ymers. 1

The following reactions define some of the

propagation, chain branching, and termination steps.

1.

Propag~tion

CH

4

Steps

+ Ho•

~

(2)

~.,~· + H2

(3)

::..rn~o

+ H.

(4)

> c:-D·

+ H o
2

(5)

~~oo·

+ H2

(6)

CHo·

>co+

H.

(7)

co + Ho·

:>C0

CH4 + H.
CHJ • +

o·
~

CH o + •
2
c~o + H.

2.

.H • + H o
2
3

.

2

+ H.

- ( 8)

Chain Branching Step

(9)

).

Termination Step

(10)
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.-here R is any organic radical and M is any surface, heat is
transferred to the surface, producing higher energy
II.

If.

How Flame Retardants :brk
The question of how various flame retardants act to inhibit burning

is still highly controversial, and much more research is needed to
answer these questions . 5
There are several stages in the combustion process , such as ,
heating, degradation, volatilization, and oxidation. 6 l1ost flames
feed on g s
c

base and a few on solid or liquid phases .

Flames are

s · ied as either "pre-mixed" or "diffusion" which have been dis-

cussed in the definition section.

A variety of materials and methods

can be employed to extinguish a flame such as cooling the solid, alering the degradation and decomposition process to produce nonflamm 1 . . voli:...t ·les, quenching the volatilization process, adding an excess 01 air or eliminating air from the combustion zone, and interfering dth the oxidation reactions in the gas phase.

One or more of

these processes can serve to extinguish a flame . 6 For example, blowing
out a match involves cooling the substrate in the vapor space and increasing the volume of air in the combustion zone .
In case of fire retardancy in a solid phase, the flame i s ex-

tinguished by altering the thermal degradation process or by forming
a barrier at the surface .

In the vapor phase, the flame extinguish-

ment occurs by interfering oxidation.

That is, suppression in the

vapor phase is done by trapping free radicals such as H. ,

Ho·,

and

H o 1-thich are produced during the burning proc·ess (e . g . RBr + H.
2

16
HBr + R• ) .

The generated R. must be less active radical than H.,

if the overall is to be flame inhibition .

In general, H•,

Ho•,

and

similar radicals are the most active species and their removal
snuffs the flame .

In the vapor phase, the flame carrying radicals

would sustain the flame by propagation and chain branching steps
and the latter step would particularly increase the nwnber of f r ee
radicals in the flame .

An examole is represented by equation 9

which has been mentioned before.

There are two liays to stop the

production of these free radicals.

,

•

In

adic al Sc avanging •
e radical scavanging processes, active radicals are re-

olaced wi.;_h less active radicals.

Examples of these processes are

g · ven b elolr. :
.. • +

Ho·

---__;>~

(12)

+ HBr - -- - - -...
~ H~ + Br·

In thi

2.

(11)

H + Br •
2

case, ar· is less active radical than H. or Ho·.

Radical Recombination.

In the radical recombination processes, the number of active

free radicals are reduced in the following

Ho·

+ :Ia·

NaOH + H.

w~s .

> NaOH

(13 )

>

(14)

H20 + Na·

(15)
In the solid phase, the charring reaction, cross linking, and

reduction to pure carbon seems to stop the burni ng process .

A num-

ber of mechanisms have been postulated to account for the f l ame

17
retardancy.
\lthough the mechanism by which aluminatrihydrate works is understood, there is no reasonable evidence of how halogens and some other
elements NOrk to retard burning.

In most cases, flame retardancy is

believed to result from the presence of one or more key substances
such as phosphorus, nitrogen, chlorine, bromine, or volatile compounds, such as water of

~dration.

Although there are disagreements

as to how these substances function, a number of theories have been
postul ted about the effect of these fire retardant chemicals.
1.

Phosphorus

It is well known that most organa phosphorus compounds are effective
re

fi~e

retardants while phosphorus salts of nonvolatile metals

~

not.-~

o >phorus compounds tend to create more char and less flammable
vo · t "les during the combustion process.
os,es

The result is that weight

re reduced and smoke densities are increased.

The mechanism for action of phosphorus compounds has been pastulated in a variety of

w~ .

The most prevalent appears to relate

to the ability of phosphorus to increase the conversion of organic
materials to char (elemental carbon) during the combustion process
and to decrease the production of flammable gases.
is inhibited because the char does not burn

rea~.

The combustion
In addition,

char protects the substances access to oxygen and heat.

Thus, during

the combustion process the amount of combustible gases are
with the result that flame retardant action is enhanced.

reduc~d

For example,

studies of the action of phosphate flame retardants on cotton indicates

l8
that these substances inhibit burning by producing phosphoric acid
which promotes char formation and retards the decomposition of cellulose to coni:>ustible tars, aldehydes, and ketones . The phosphoric acid
may also be capable of causing flammable gases to be evolved at a
reduced temperature, thus requiring more energy input for ignition.

In addition, phosphoric acid may function as an insulating

l~er

that shields the unburned fuel from oxygen and the flame .

Phosphorus

compounds are believed to be highly effective in the solid phase
but they may also function in the gas phase . 1 3 In the latter case,
radicals are removed by converting them to more stable molecules

~ch thus slow the combustion process.5
Phosphoric acid and even sulfUI'ic acid or organic sulfates show
fire retardancy characteristics.
the acid

The key element seems to be that

hould not be too volatile.

Phosphoric and sulfuric acids have hl.gh boiling points so they
remain in the solid or liquid phase long enough to do their job. l5
Thus, after burning a substance treated with a phosphorus compound,
a sticky viscous liquid is formed which is a polymeric acid containing phosphorus.
2.

Halogens

Fire retardants containing chlorine or bromine are believed to
work primarily in the gas phase .

The action of halogens is to re-

move free radicals from the burning process because hydrogen free
radicals as well as oxygen and hydroxyl free radicals are e~entJ.al
to sustain combustion.

For example, i f the :flame retardant is a

bromine compound, burning causes the release of gaseous hydrogen
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bromide which reacts with hydrogen free radicals to form molecular
hydrogen and bromine free radicals.

Hydrogen and bromine free

radicals would react in the presence of a third body to generate
hydrogen bromide.
~ ~ + Br ·

(16)

H. + Br· + M ----=,,..HBr + M*

(17)

Both of these reactions remove hydrogen free radicals from
the burning process.

Similar reactions may take place to remove

oxygen and hydroxyl free radicals from the burning gas .

For example,

hydrogen bromide may react with hydroxyl free radicals to form water
and bromine free radicals and thus reduce the hydroxyl free radicals
concentration.

(18)
Hydroxyl free radicals are important to combustion because they
react with carbon 100noxide to fonn carbon dioxide and hydrogen free
radicals.

The latter reaction is exothermic and is believed to plczy-

a significant role in sustaining the burning process
The effectiveness ratio for a pair of halogens varies with the
compound type.

16
The two important halogens are chlorine , 17 and

brominel8,l9 and the latter is about twice as effective on a w~ight
basis as the former or four times on a mole basis .
It is known that both organic and inorganic halogenated compounds
are effective in flame extinguishment and a minimwn volmne concentration of these compounds are required to snuff out a flame .

Some

interesting comparisons have been made between the halogenated com-
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pounds as flame retardants .

The results obtained are as follows:

J>~c~F
And from Table III, some comparisons are made between pairs of
halogenat~d.

compounds .
CH3Br

9. 7 vs .

CH3I

6.1

CHJC~Br

6. 2 vs .

CH cH2I

5. 6

5. 2 vs .

CH2c1 2 11

9. 3 vs .

HCl

C~Br 2

HBr

3

25 .5

Among the halogens, fluorine bonds so tightly to carbon that
it does not serve as a radical trap .
selves flame retardants.

Fluorinated organics are them-

For example, teflons burn only in 95%

o ..gen but by their extreme stability they often cannot confer this
prooerty on substances with which they are mixed.
Iodine compounds are too unstable to be of use as additives and
inst. ility c eates difficulties with other important properties
of systems such as resistance to ultraviolet light .

As a result,

bromine and chlorine compounds offer the optimum effects in fire
retardancy application .

3.

Antimony

Antimony is relatively rare in nature.

The United States has

imported 95% of its total ant:iJnony requirements .
largely of Sb2SJ and sb 2o •
3

The ore consists

It is converted to Sb2() 3 and purified

by distillation or volatilization.

(19)
In recent years, antimony trioxide is referred to more proper~
by the formula Sb406 •

Antimony trihalides are prepared by direct halogen-

TABLE tii

Fire

Retar~~t
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Halogenatod Compounds
Peak in
io,lammability

Comoound !or.mula
CH 1 CH.,Br

CH~ilrCF .,CH

1

_

CCl:F..,CH:lrCHJ

Compound Uame
Sthyl broJYti.de
1 nromo-2,2-Dif1uoroprop~e
2 -Bromo -l-ch1oro-l,l-difluoro-prop~e

CH3r~:-'

Dibromofluoromethane

CBrF2CH.,Jr
CFJCH, ~r

1 , 2-0ibromo-1,1-dif1uoroeth~e

C6Fll': ,FS

1, J~6F _ 0 1 G::'))2

' - : F1a(:F"J)2

C"1I
c . : r "' :... c1
c ;;l i'?CH~Br

2- 3romo- 1,1, 1- trif1uoroeth3ne
Perfluoro(ethy1cyclohexane)
?orf1uoro(l,)-dimethylcyclohexane)
Perfluoro(l , u-dimethylcyclohexane)
Trif1uoroiodoncthane
l-3romo- 2 hloroethane
2 romo- 1-chloro-1,1-difluoro- ethane
?erfluoro(metnylcyclohexane)
Perfluoroheptane
Bromochloromethane
aronodifluoromethane
1 ,1,2-trichlorotrifluoroethane
3romochlorodifluoromethane
Hydrogen bromide
l·:ethyl bromide
2,2-Di£luoroviny1 bromide
Perf1uorobutane
Silicon tetrachloride
1,2-Dibromo-~-chloro -1,1,2-trifluoroethane

1,2- Dichlorotetraf1aoroethane
Ca~on tetrachloride
2-chloro-1,1,1-trif1uoropropane
) hloro -1,1,1-trif1uorop~pane
Chlorotrif1uoromethane
Hexafluoroethane
Dichlorodif1uorometha."le
Chloroform
Trif1uorornethane
Chlorodif1uoromethane
Octaf1uorocyclobutane
~fur-hexafluoride

Boron trifluoride
Phosohorus trichloride
Hydrogen chloride
·
Carbon £etra£1uoride
Carbon dioxide
~-later

Heptadecafluoro(N, N-dietQyl propy1amine)
Dichlorornethane

C.,!ir'TS

Vol%
6. 2

6. )

6.4
6.4

6.8
6.8
6. 8
6. 8
. 6. 8
6. 8

7. 2
7. 2

1.5
7.5

7. 6

8.4

9.0
9. 3
9. )
9. 7
9. 7
9. 8
9.9

10. 8
10. 8

u.s

12.0
12. 2
12. 3

13.4

14.9

17. 5
17. 8

17. 9
18.1

20.5

20.5

22.5

2~ . 5

26.0
29.5
8
8.5
ll
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ation of the oxide, as in the following equation:
~ 4SbX

Sb 4o6 + 6x 2
in which X = Cl or ar. 22

3

+ 30

(20)

2

Antimony trioxide (Sb4o ) is itself a

6

fairly poor flame retardant.

However, it is largely used in con-

junction with halogenated compounds which would release hydrogen
bromide or chloride upon heating.

The hydrogen halides react with

solid antimony trioxide to form antimony halides {SbX ) and anti-

3

mony oxyhalides (Sbox ) which react with hydrogen free radicals

3

hJdroxyl free radicals.

and

Removal of these radicals interferes with

combustion and c uses the flame to be extinguished. 23

4.

.litrogen

There is relatively little lmown about the role of nitrogen as
~

flame retardant.

:brkers have suggested that nitrogen is effective

in flame retardancy only in the presence of phosphorus compounds such

ol dimethylphosphoropropionamide (pyrovatex CP) and d.iammonium phosphates . 24-

5

·.itro- n has been used in the cotton industry in combination
with other flame retardant materials such as ammonium salts of phosphoric, hydrochloric, sulfuric, sulfanic

26 , and boric acids.

These

acids show better fire retardancy efficiency in the presence of
nitrogen.

5.

Boron

Boron is present in the earth's crust at a level of only 3 ppm
but there are areas where it is concentrated in very substantial
amounts which are suitable for mining.

In the U.

s.,

the major

23
deposits are in Western Nevada and Southern California.

The principal

roms are borax-Na 2a o2 .10H2o and boronite-Na a o .4H o and a variety
2 4 7 2
4
of hydrous forms 27 from wtii'cli borax is ccy,stall.d.zed.'6
Although boron compounds have shown some fire retardancy characteristics, there have not been maqy investigations concerning the
mechanism of boron in name retardancy.

Some workers believe that

it acts like phosphorus in the solid phase where it promotes char
formation and inhibits the release of combustible gases from burning
mater1.al •5

6.

Alumina trihydrate

o .JH20) acts as a flame retardant in a
2 3
When heat is applied to a material containing alu-

Alumina trihydrate (Al
nuniler of ways.

mina trihydrate, the temperature rise is slowed down because heat is
absorbed b .. both material and alwnina trihydrate.

\rben the temperature

reac.es 220° to 230°, the alum1na triqydrate decomposes into ariqydrous
urni.na and water.

Thus, with more absorption of heat.

The water

vapor dilutes and cools the combustible gases and retards their
burning. lumina trihydrate has been used in the rubber industry to
increase fire retardancy.

For example, polybutadiene rubber can be

treated with hexachlorocyclopentadiene to act as a fire retardant .
The presence of Al(OH)

3

seems to help reduce flanunability.

28

The

29 b t ~t
.
.
. no t ob VJ.ous,
.
mec h anism for the act1on
of t h e c hl orme
1s
u 1.

is believed that AlC1

3

is formed which acts as a catalyst in the solid

phase and as a source of halogen radicals in the flame zone.

6

Synergisms
Synergism is defined as the greater effect of two components
taken together compaiPed to the sum of their effects taken separately.

There have been a nunt>er of investigations of the synergisms

between nitrogen and phosphorus.

Phosphorus compounds are effective

flame retardants, but not much is known about the effect of nitrogen
alone in flame retardancy.

6

Synergism of phosphorus and nitr.ogen compounds show that nitrogen has a strong effect in flame retardancy and adding the nitro.:»en often reduces the need for phosphorous quantitatively.

How-

ever, a :arge amount of nitrogen is needed for a substantial reduction in phosphorus level .

As an example, Table IV shows different

percentages of phosphorus and nitrogen which are needed for effecti ve name retardancy.
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TABLE IV

Percentage of Phosphorus and Nitrogen Needed in
Synergism for Effective Fire Retardancy
p

N

3.5

0

2

2.5

1.4

4

0.9

5

In fact, the presence of nitrogen reduces the quantity of phosphorus
required for fire retardation.

For example, with the presence of

10% nitrogen in polyurethane and polyester resins, the phosphorus
r~quirement

is only 1.5% and 5% respectively.

There are also some

synergistic effect betl·leen phosphorus-halogens and antimony trioxide
halogens.

Table V shows similar effectiveness of phosphorus - bro•

mine and bromine-antimony oxide in different compounds . 21
TA.BLE V

Synergism of Phosphorus-Bromine and
\ntimony-Bromine Compounds in Different Materials
B~2Q%Br

Polyolefines

5%P=0.5%P+7%

.\crylates

5%P=l%P+J%

Polyacrylonitrile

l0-12%B~2%

Sb406+6%Br

13-15%Br•J%

Sb406+5%Br

a .Aides

Bnel6%Br

\ntimony trioxide alone is ineffective, but its combination with
halo

en~t.od

compounds reflects a chemical interaction to produce flame

retardancy characteristics which -..vould not be seen in any of the

compounds; antimony trioxide (SJ
ffect d b., · ".lrning.
p esent,

4o6 )

is inert and remains totally

lm-

On the other hand, when a halogen compound is

heir combination results in formation of volatile SbX ,

3

( . = Br or Cl), which will participate in a halogen transfer, char

formation reaction in the solid phase and as a free radical trap in
the vapor phase.
(21)
The mechanism of phosphorus-halogen synergism is not

cle~,

but

it has been predicted that volatile phosphorus halides are formed
which alter combustion by trapping free radicals in the vapor phase
or aiding dehydration to char formation in the solid phase .

6

The

prime importance of synergism is lowering the total amount of fire
retardants which is required.

Often the amount of synergist needed

26
is so large as to affect adversely the physical properties of the
system.

However, proper combinations can result in lowering

the need of flame retardant chemicals with the same effect of retardation.

Sometimes this reduction is accomplished by adding

free radical precusors _which readily produce free radicals.

For

excu'1lple, dicumyl peroxide, ethanes with bulky substituents, xylyl
disulfides, chelated paramagnetic ions of transition metals, Nnitrose amines and N-dichloro amides have been effectively used
s :ree radical nrecusors.
i

e

~et

u-d mt Chemicals Classification

ire retardant chemicals are divided into three classes:
1.

Jondurable fire retardants.

Thes:::. flame retardants are popular for use on fabrics which
don' ., reqw.._ e a flame retardant finish durable to laundering and
leaching.JO

These nondurable finishes are relatively in~ensive

and efficient. 3l

In most cases, mixtures of two or more salts are

more effective than the salts by themselves.
dition of

60% of borax

Na294o 71oH2o

For example, an ad-

is required to prevent a fabric

from burning.

3ao 3 is ineffective by itself even in amount equal

Boric acid H

to the weight of fabric.

However, flame retardation is achi~ved

when seven parts of borax and three parts of boric acid are applied
to the fabric .
2.

Semidurable Flame Retardants •

.To overcome the disadvantages of water-soluble flame retardants
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which is the l?ck of durability.

The application of precipitation

of inorganic oxides seems to show much higher effectiveness.

For

example, the precipitation of :i>J.XH2o and Sn0 2 • YH2o in fabrics
increases flame and glow resistance. 32 Codeposits are usually used
to improve glow resistance and these are less insoluble than the
deposits used for flame resistancy.

Thus, they are easier to re-

move during the laundering process.

3.

Durable Flame Retardants
number of investigations have been conducted to find flame

etardant f inishes for cotton and provide durability for a long
1 ~ sting life of the fabric against repeated laundering.
pigrnents have been found useful for such a treatment.

Titanium
The process

consists of applying titaniwn and antimony oxychloride from an acid

solut.:.o to the fabric and neutralizing without drying by passing
through
The fab ·

solution of sodium carbonate, rinsing and then dr,ying.
treated in this wa:y show good flame retardancy.

Other

miv:tures used for durable flame retardant finishes include titanium
acetate, chloride and antimony oxychloride.33,34,35
Polymer Flammabilit
Most flame retardant products in the chemical industry have a
polymeric nature. 1

~-hen a polymer burns, the process occurs in a

cycle as sholm in Figure 3.

Heat generated from the polymer com-

bustion is transferred back to the polymer surface producing volatile
polymer fragments or fuel.

These fragments diffuse into the flame

zone and react with oxygen by a free radical chain process which

,. Q
•-V

produces more heat and continues the cycle . 36 • 37 The flame is retarded or stopped when the cycle is interrupted.
There are two ways in which a combustion cycle in a polymer
can be stopped. 37
I.

~lid

Phase Inhibition

In this method, which is shown by Figure

4, changes

in polymer

substrate result in the promotion of extensive polymer crosslinking
at the surface from carbonaeous char upon heating .

The char acts as

an insulator between the polymer and the flame and causes a reduction
in t he product'lon of new fuel and further burning .

Other systems

evol ve water during heating, which cools the surface and increases
the amount of energy needed to maintain the flame .

II.

Vapor Phase Inhibition

·. a or phase inhibition is based upon changes which occur in
.e chemistry of the f lame, Figbre

5.

In this method, part of the polymer structure changes to a
free radical inhibitor during the burning process.

These free rad-

ical inhibitors then diffuse into the flame and inhibit the branching radical reaction.

l-bre energy is thus reqUJ.red to maintain the

flame and the cycle is interrupted.

In some materials , both solid

and v por phase effects occur and inhibit th@ .flame . ~S.-

3urning front

--------~~-------

Polymer fragments
Volatile diffusion
Heat
Lotv

temperature
pyrolysis zone

Fuel

Figure 3.

Continuous cycle of a polymer combustion process . Heat
generated in the flame produces volatile polymer fragments . The polymer decomposes into fuel in the low
temperature pyrolysis zone and free radical reactions
take place in the volatile diffusion of the flame zone .
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Burning

Front
Polymer fragments
Volatile dif

Char
insulato

Fuel

Figure

4.

Extensive crosslinking and char formation occurs in solid
phase. The char insulates the polymer from heat which
would prevent production of new fuels.
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Polymer
Volatile diffusion zone

fr~ents

Free radical
· inhibitors

temperature
pyrolysis zone

~ ow

Fuel

Figure

5.

In the vapor phase, volatile free radical inhibitors

are formed during burning which will prevent branching
reaction and interrupt the burning cycle .
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Fire Retardancy Tests
I.

Gen~ral

Fire Retardancy Tests

Combustibility depends upon the composition of product and the
condition of fire.

Therefore, it would not be easy to design a

standard laboratory test for fire retardancy evaluation which
could be used for different materials and conditions.

However,

in every flammability test, there are some common factors which

can be considered.

1

1.

Ease of Ignition - To show how readily a material ignites.

2.

Flame Spread - Calculates how rapidly fire spreads across

the sample's surfaces.
).

Fire Endurance - Heasures how rapidly fire penetrates a

11 or barrier.

4.

Rate of Release of the Heat - Considers how much heat is

released and how

5.

quick~ .

Ease of Extinction - Measures how rapidly the flame chem-

istry leads to extinction.

6.

Smoke Evaluation - Evaluates the tendency of materials to

produce smoke during burning .

1.

Toxic Gas Generation - Measures amount of toxic gases pro-

duced in combustion process .
Most fire retardant materials which have been produced involve
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polymeric materials, textiles, and fabrics .

These colllDDn factors

might be important in their fire retardancy evaluations, but most of
these materials have specific factors important to consider in their
evaluations.
In case of polymeric materials, most of the generally accepted

tests can be used for their fire retardancy testing, but depending
on the test condition and type of polymers to be tested, different
tests are used.

Polymeric materials are classified in three groups

as follows:
1.

Those polymers which would be consumed totally under the

test conditions are called "Burning" polymers.
2.

Samples of polymers which WQuld burn for a period of time

after the test flame is removed, but which could become extingu:i:shed
before the test specimen is completely conswned, are classified as
'' Self-extinguishing".

3. Polymeric materials which don•t ignite under test condition
or become so rapidly extinguished after rezooval of the test flame
that the self extinguishing time cannot be measured, are classified
as "Nonburning" or immediately self-extinguishing .

9

There are also some factors for fire retardancy evaluation of
textiles.
1.

These factors for an ideal textile material are as · follows:
Minimum effective fire retardant additives to avoid in-

crease in weight of fabric.
2.

Ease of application to fabric, 'Which may permit its use dir-

ectly with garments or consumer goods .

35
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3.

Reasonable

perman~cy

of treatment toward leaching action

of water, salt and soap solutions, and dry cleaning solvents.

4.

Freedom from deleterious action during storage.

5.

Jo appreciable decrease in permeability of fabric as mea-

sured by air and vapor transmission.

6.

Compatibility of treatment with other material used in fin-

ishing the fabric.

7. No physiological action of treatment on skin.
B.

Flame retardancy efficiency v-1hich prohibits propagation of

any name and after glow. 35
The flame retardancy tests can be divided into three major
groups based on their structure and size.

1.

Small tests.
example of a small test is the burning of a small stick of poly•

mer by a bunsen burner and measuring the ease of ignition and heat of
combustion.

In small scale tests, measuring properties of the sam-

ples is more important than evaluation of the hazard of materials.
2.

~radium

scale test.

In this test a larger size of sample is evaluated such as a

square foot sample or more.
radient panel test in which a

An

example of this kind of test is a

1.5

square foot sample is burned and

its flame index (I ) is measured in the stack above the apparatus .
s

3.

Such a test is usually applied for windo1-rs, appliances, and

public transit seat assemblies .

For example, one of these tests

has been performed by General Electric Company ' s fire test center.

A 3x7 foot window made of plastic was tested with the fire from 2-lbs.
of cardboard in a 1-lb. polypropylene waste basket.
several minutes of intense flame .

This produces

Temperature, gas, and damage

data are measured at the end of the experiment.
A variety of tests have been developed for evaluating fire retardant chemicals .

Some of these tests are cormoonly used, but there

are some other tests designed for specific purposes of fire retardancy evaluation, such as tests for wood, paper, textiles, polymer,
plastic, steel, surface flanunability (flame

spread and rate of

name spread), smoke generation, self-extinguishing time and tests
by geometr.y in relation to the combustion zone.

The latter includes

horizontal flame under, horizontal flame above, vertical burning up
from the botton, vertical burning down from top, at an angle or
away.

In fact, there are so many other tests available, 3' 9'

30 and

so maqy others under investigation43 that no attempt has been made

to explain all these tests in this paper.

Ho"t·;ever, a brief dis-

cussion of some of the more common tests in flame retardancy evaluation will be given:
One of the easiest test methods is called The Simple Match
Test.

This test is not an official test method but is used widely

in many laboratories where other screening methods are not available.
Some other tests can, however, provide valuable information
about the burning character1stics of a po~er composition.

For

example, overall fire retardancy can be evaluated by the movement .
of the name front while the degree of the aromaticity can be estimated by the character of the smoke.

The intensity of the flame

36
provides a rough estimate of the exothermic behavior of the decomposition and the extent of burning after removal of the flame gives
an estimate with which to classify the material as to the degree of
fire retardanc-y.
Other important factors in this test method are the rapidity of
drip, the nature of the residue, the effect of sample dimensions on
the burning characteristics. 9
Another easy and popular test, lvhich is frequently applied to
fabrics, is called the "Standard Vertical FlaJne Test ."
, 2x2

I

In this test,

inch strip of fabric is suspended vertic~ so that the

lower edge hangs just

3/4

inch above the top of the bunsen burner.

The burner is adjusted to give a 1 1/2 i:nch lwninous flame so that

3/U. inch of the fabric extends into the flalJle.

After a 12 second

i nition time, the name is removed and the duration of the after
glo i and length of the charred area are measured .

Then fire retar-

dancy is evaluated. 30
Another test used for carpet combustibility testing is the
"Pill Test".

1969.

This test has been regulated in the United States since

The procedure involves placing a pellet of methenimine (hexa-

methylene tetramine) on a carpet and igniting the pellet.

If the

area burned is less than 3" from the point of ignition, the carpet
is approved. 6 ,3 8
In geometry fire retardancy tests, standard size samples

with

and without fire retardant chemicals are burned from different geo- .
metrical directions.

The time of burning and the amollllt of sample

which has been burned is them measured and the degree of fire retar-
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dancy evaluated.

Figure 6 illustrates some of the geometrical fire

etardancy tests.
In most flammability tests such as the flame spread or the
geometry tests the samples are ignited in air in specific manner
and after the ignition source has been removed, the time or distance burned after extinction is used as a measure of flammability.
These tests are usually classified into several groups such as
"slow burning' or "self-extinguishingu .

However, for a simple,

reproduceable, informative measure of the relative flammability of
o ~ymers,

the oxygen index test is

usual~

more convenient .

Oxygen index test:
The limiting oxygen test (L. O.I . ) is the value of 9xygen at
which the material just fails to support flaming combustion.

This

test · s conducted in a limiting mixture of air and nitrogen at which
a given fuel would just burn.

This mixture is described by oxygen

indexes where

("22)

oxygen inde
and t-rhere the brackets indicate the volume concentration of the
oxygen and nitrogen .

In this test, the smaller the value of (n)

the more its flames survive
test is usually performed on

during cooling by nitrogen.

6 This

sticks of polymers burning in a can-

dle like manner and constitutes a convenient rating of flammability
for solid polymers .

For materials that don't continue to burn after

ignition in air, the value of n is greater than 0 . 21 and the air
must be enriched with oxygen to investigate them.

The n for polymers
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1.

- t:\1

Horizontal.,flame on top .

2.

Inclined,flame on top, burning up .

3.

Inclined,flame under, burning up .

4.

Inclined,£lame under, burning dorm.

5.

Vertical,burning up .

6.

Vertical,burning down.

7.

Horizontal, flame under .

Figure 6.

Geometrical Test of FJ.re Retardancy and Analysis of
Penetrating the Flame
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falls within the range of 0.1.50 for polymethylene to 0.95 for polyetrafluoroethylene.

The test procedure and major variables are

described as follo\-ts:
By metering the air and either nitrogen or oxygen through crit-

ical flow orfices, the mixing gases are f·ed into the bottom of a
vertical glass tube 60 em. high by 8. 4 em . in diameter.

The gases

pass through a bed of glass beads at the bottom of the tube to
3mooth their fiot-t, and then up through the tube and out the open
to. •

The apparatus is shown in Figure 7.

The gases can be metered

the pre sure up stream of the small calibrated orfice plate t-Ihich
i3 connected to a Bourden Test Gauge or by measuring the rate of
pre sure rise in an initially evacuated tank as gas floliS in
through the orfice with steaqy up stream pressure.
pol
~

The sample of

er is usu lly a strip approximately 0.6 to 0.3 by 8 em. which
clamped at the lo1·rer end with its long dimension vertical in

the center o

the tube .

It is ignited at the upper end with a hy-

drogen 'lame and then the flame igm.tor is withdra1m and the sample permitted to burn entirely in the atmosphere stream.

By mea-

suring the n values, the sample 1 s flammability can be compared. 4l,4

2

Another kind of fire retardancy test used for polymeric rnaterials is the ASTI1 568

1 test for flanunability of plastics.

This test is designed for plastic films or sheets not more than

50

millimeters or 0 . 127 centimeters thick .

The film or sheet is held

in a vertical position and ignition is performed for a maximum of

15

seconds.

Samples are then classified as rrnonburning", ''burning",

or "self-extinguishing".

In this test, the rate of burning is
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Figure 7.

E

Oxygen Index Apparatus

A - Mattering Orfice, B - Bourden Test Gauge, (0-100)
P.S . I . G. , C - P,yrex Tube, 3.5 in. ID., D - Tapered
Ground Glass Joint, E - Bed of Glass Beads, F - Pyrex
Tube, 7 mm . ID, G - Spring Clamp, P - polymer Sample,
about 0. 6 x 0.3 x 8 centimeters

highly dependent upon the thickness of the specimen.

Thus, in

order to obtain accurate comparative results, all of the samples
should have the same thickness .

6

In addition to the tests which are alreaqy discussed, there
are some less important tests for evaluation of fire retardancy of
different materials.

These tests are classified as miscellaneous

tests and are divided into five groups .
1.

Factory Mutual Burning Deck Test

This is a specific test to determine fire retardancy of
roofing materials or composite roof decks .
2.

!1i.litary Specification LP-4o6b Method 2023 . 2

This test is used to specify the resistance of materials to
ignite when they are exposed to electrical discharge.

3.

. S T M E 162-61T, Radiant Panel Test

This test is used to measure the ability of materials to spread
the flame using a radiant heat source.

4.

A S T M D 1433-58 Flanunability of Flexible Thick Plastic
Sheeting

This test is for screening different plastic films and comparing the burning characteristics of the films.

5.

Colorimeter Test

This test is a factory mutual test to measure the fuel - contribution rate of various building materials.

A variety of other test methods have been developed by The
underwriter Laboratories.43

These tests, depending on the materials

to be evaluated, employ either the vertical burn technique or a hor-

42
i~ontal burning as well as a variety of conditions, arid. eqliipnieb.t. 42
Fire Retardancy Test for Halons
A.

Evaluation of Portable Fire Extinguishers

The following six factors are known to be important in the
evaluation of portable fire extinguishers:

1.

Extinguishing agent

2.

Fuel and fuel temperature

3.

Fuel configuration

4.

Discharge rate

s.

lo,., . . le motion

6.

Discharge pattern

uel configuration depends on the shape of the pan, the amount
of

ee board, and obstructions which ar.e present.
The discharge pattern depends on the type of extinguishing

agent and on the design of the discharge nozzle.
No ~

emotion is governed by the operator's handling, which

is important to the performance of the extinguisher.
Some portable fire extinguishers have been evaluated in a nwnber of projects.
a.

U.

C).

These studies will be briefly discussed here. 3

Army Corps of Engineers (1954) portable fire extin-

guisher evaluation.
This project l-tas established to develop a small portable fire
extinguisher.

Twelve halogenated agents were applied to two stand-

ardized fires:
1.

In the first test, a two foot diameter steel tub was filled

with water to within 10 1/2 inches of the rim.

Two quarts of gas-

43
oline were poured on top of the water and after a 20 second preburn the fire was attacked.
2.

In the second test, eight pounds of cotton waste were

spread over a 2x4 foot area and wetted with two quarts of gasoline.
After a ten second preburn, the fire was attacked.

A 2 1/2 pound

carbon dioxide extinguisher container was used to apply the agents.
Ten tests were made for each of these two processes of evaluation.
From the average weight of each agent required to extinguish a fire,
a weight of effectiveness value was calculated based on halon 1001
equal to 100.

The results are shown in Table VI.
TABLE VI

Evaluation of Portable Fire Extinguishing Agents
by .~ Corp of Engineers
24 in . . . ub Fire
ent

2x4 ft . Cotton

~-Ieight
Weight to
Extinguish Oz . Effectiveness

Weight to
Extinguish Oz .

~iaste

Fire

Weight
Effectiveness %

Halon 1001

8. 0

100

20

100

Halon 1202

6.6

120

20

100

1301

7. 6

105

15. 6

126

rialon 2402

10. 8

74

19. 8

N. E*

9. 1

88

32

N. E~f..

~alon

~02

lf-N.E - Not Evaluated
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As indicated in the Table, halon 1202 was most effective on
the tub fire and halon 1301 was most effective on the cotton waste
fire.

Because halon 1301 was found to be the least toxic of these

candidates, it was selected by the

~

as the sole halogenated fire

extinguishing agent .
B.

Ansul Compa.ny Portable Fire Extinguisher Evaluation

In this evaluation, the possibility of human error has been
avoided by utili7.ing fixed nozzles.

Figure 8 shows a sketch of the

+.est arrangeme11t . · Four fan spray'·nozzles 1-1ere installed along the
inn'3r periphery of a circular tank of approximately four ft . diameter with the nozzles in turn connected to cylinders conta:in:ing a
supp -,. of the agents.

The tank was filled with water and a 2 in.

layer of unleaded gasoline to leave a 12 in. free board in the
tank.
Eight halogenated agents and a sodiwn bicarbonate base dry
chemical were evaluated in these tests .

The agents were applied

to an existing fire at different discharge rates in order to measure the quantity of agent required for extJ..nguishment .

The op -

timum performance was selected for each agent by using different
discharge nozzles .

After obtaining all the data for each agent, the

quantity of agent was plotted vs . discharge rate.
the relative curves.

Figure 9 show·s

The minimwn in each curve shows minimum

quantity of agents (a ) required for extinguishment and optimum

m

discharge rate (Ro) .

The values are tabulated in Table VII.

Halon 1301 was fotmd to be more effective than the otherhalogenated agents and the sodiwn bicarbonate base dry chemicals .

--- - -_--7 -- -- ----_,._' ·~. .
,.,. ...- ------ -- -..-' .. -I

......

•2''

Figure 8.

Fire pan and discharge nozzle arrangement.
portable evaluations - 1955.

Ansul Go .

swl-

·.- f

A~er• Rate , ~

Figure 9.

lse:

Performance curves for Halons 1301, 1211, 1202, and
2402 . Ansul Co . portable evaluations - 1955.
Nozzle AX-11, P = 550 psi .
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TABLE VII
Ansul Portable Evaluations
1955
Qrn

Agent

~

Ro
g/sec

Halon 1301

509

125

Halon 1202

670

183

Halon 2402

836

300

Halon lOll

884

232

Halon 1211

952

417

Halon 113 (R-11)

988

350

Halon 104

lo64

458

Halon 122

1103

472

These series of tests proved that agents containing bromine are

more effecti e than those with no bromine.
•

Total Flooding S,ystems

The schematic diagram of a total flooding system for fire suppression is shown in "t4'igure 10.
discharge

no~zles

In this system, one or more

are connected to a pressurized supply of the

agent through piping.

There is a fire detector system located with-

in the enclosure which opens the control valve in case of fire .
agent is dispersed by the nozzles in such a manner as to form a
uniform extinguiShing (or inerting) concentration throughout the
enclosure.
There are two types of total flooding systems; flame extinguishment and inerting .

Halogenated agents have been selected to

The

47
be highly efficient in total flooding systems because of the following characteristics:

cleanliness {lack of particular

toxicity, lack of vision

re~idue),

low

obsc~ation, co~actness·and. cosi.

Halon 1301, with the lowest toxicity, has found the greatest
application in this area.

Evaluation of total flooding systems has

been carried out by two major test methods, (qynamic test and static
test).

A brief discussion of these tests is mentioned in this pa-

per, but there are a large number of tests, related data, and tables
available in several texts. 3
1.

In a dynamic test, the flame is usually a diffusion flame

surrounded by a flowing mixture of air and agent.

In this test,

the combustion and decomposition gases are not recirculated into
the fire zone.
2.

In a static test, t-thich is usually employed on a large

scale, a pure concentration of the agent is dispersed into an
enclosure containing the fire.
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,

.... ..., ___

- - - - - -------

Discharge
Nozzle

Test Enclosure

I

Fire
Detector
t
I
I
#

- - - - .. J

\

'
t
1

Agent~

Supply
Container

Figure 10.

Schematic of Total Flooding Fire suppression System.

49
Fire Retardant Chemical Products
Fire retardant chemicals have been marketed commercially in a
large number of products.

For example, building construction mater-

ials, textiles, synthetic fabrics, carpets, polymers and plastics,
clear coating or permanent wood treatment, paper, paint, electrical
wire coating, and aerospace applications are a few of the areas . 9
The materials either show some fire retardancy characteristic
themselves or have flame retardant compounds incorporated into their
structure.

Polymers can be divided roughly into three groupg based

on their flammability.

1.

The polymers which show a relative flame retardancy by

their structure consisting either of

~alogen

or aromatic groups

which confer high thermal stability as well as the ability to
form char burning.
2.

The polymers which are less flame retardant, but can be

made more flame retardant by appropriate chemistry.
).

The polymers which are quite flarmnable, and are difficult

to make name retardant because they decompose readily, forming
a large quantities of fuel.

Table VIII sho1-rs some of these three

groups of polymers.
The first group of polymers may also. be called "Intrinsically
flame retardant polymers."

Some of these materials are stable for

a few minutes at extreme temperatures (e.g . 600 - l000°c), while
others can function at 200 - 300°C for a long period of time .
These polymers have three different

struo~ures:

5o
I.

Linear single-strand polymers such as aromatic polyirnides

and polyamides based on benzenoid systems.

I II II
I.
II.

Linear Single-strand Polymers
Ladder type of polymers consisting of an unterrupted se-

uence of c.rclic aromatic or heterocyclic structures.

II.
III.

Ladder

Po-~nners

Soiro polymers in which one carbon is cormnon to tl-To rings.

-/fl

III.

Soiro Polymers

Generally, polymers with roore aromatic structure and a strong
linkage connection between the rings produce more char on
and thus, shows 100re fire retardancy.

heat~

A good example is polypheny-

len e .

m
This polymer is a crystalline, high melting material.

Its ther-
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mal degradation is between 500 to 550°C and continues to 900°C with
weight loss . 43 The choice of polymer depends on cost

30%

only 20 -

and on importance of flame retardancy application in relation to
its final use .

Intrinsically, polymers are highly flame retardant

ut quite expensive .

On the other hand, less flame retardant poly-

mers can be made sufficiently flame retardant by adding flame retardant chemicals as additive or by modifying the polymer backbone.
Flame retardant chemicals are generally divided i nto two major
r:roups .
I.

. ditives or Unreactive Fire Retardants

Some

amples of this type of additive are organic phosphorus

c mpounds, organa halogen comoounds, and a synergistic mixture of
halogen ani antimony trioxides .

In P. V. C. production, phosphoric

c·d esters and antimony oxides have been used as flame retardant
ive

44

e of ·he disadvantages of additive flame retardant chemicals
s th t c · n

s often occur in the property of the materials by

adding these additives .

For example , incorporation of halogen com-

pounds into polymeric materials usually modifies the physical properties in one or more of the following
1.

w~s :

Increase the melt viscosity of the polymer, thus requiring

higher temperature processes .
2.

Decrease the stability toward light because of photolytic

elimination of halogens .
).

Decrease the thermal stability.

4. Rigidity of the polymer can b e affected .
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5.

Increase in the density.

These deficiencies lead to the search for more efficient fire
retardant additives such as phosphorus compounds.44

These additives

are usually superior to halogenated compounds in high stability and
in their effect on viscosity and thermal stability.

Most of the

phosphorous additives are esters of conunon phosphorous acids, which
are

usu~

less

hydro~ical~

stable than halogenat ed additives.

perfect fire retardant additive for most purposes should be cheap,
colorless, easily incorporated into the polymer composition, compatible with it, stable to heat and l1ght, efficient in its fire
retardancy properties, permanent in nature, and have no adverse
affect on the physical properties of the polymer.

Unfortunately,

however, most fire retardant additives don't meet these requirements.
us, the

e of these unreacted fire retardant chemicals has been

limited in the past because of their adverse effect on many properties of polymers.

In addition, the volatility of some of these

additives results in a lack of
Some

01

permananc e in the fire retardancy.

these disadvantages can be overcome by the use of halogen

containing polymers.

Some of these polymers are polychloroprene

(2-chloro butadiene polymers),

po~lchloride,

ethylene, and chloro sulfonated

chlorinated poly-

po~ethylene.

Some of the commercially important flame retardants are halogenated hydrocarbons such as chlorinated wa.-xes, various esters of
phosphoric acid, such as tricres.rlphosphate and
and solid antimony trioxide.
retardants available.

triphe~lphosphate

There are many other additive flame

Tab.le IX shows some of these additives along

SJ
TABLE ·/III
~~me

.\dditive
ant:iJnony trioxide

Common

Co~mercial ~ire-Retardnnt

Additives

Tr'lde name
TheriJX)gard

Hanuf ac turer
}~tal

& Therrnit Corp .

Har~<\H

Chemical Co .
Onchor 23..\
National Lead Co .
chlorinated paraffins
Chlorowa.xes
O).arr.ond lJ.kali Co .
Unichlor
Ueville Chemical Co .
Halow:u:
. Koppers Co. Inc.
Cerechlor
L"'lperial Chemical Industries, Ltd.
C?-40
Hooker Cheillic al Corp .
Chloroa.i'in
Hercule3 Po~·rder Co .
tributyl phosphate
Disflamol
Farbenfabriken- 3ayer A . ~ .
Kroniflex TBP
Ft-C Corp., Organic Chemicals Div .
tris ( 2-ethylb exyl) pho ·;phate
Disflanol TDF
~arbenfabriken-3~er ~ . G .
Kroniflex TDF
Fl·:C Corp., Org:mic Chenicals Div.
Flexol TO?'
Union Carbide Che"'licals Co . , Div. of
Union Carbide Corp .
tripheny phosphat ~
Disflamol TP
Farbenfabriken-aayer A. G.
Geigy Co. , Ltd.
TPP
cresyl diphenyl phosphate
COP
Union Carbide Cher.rl.cals Co . , Div. of
Union Carbide Corp.
ni sflamol DPK
Farbenfabriken-3~er A.G.
F!·:G Corp . , Organic Chemicals Div.
Kronitex 1:<
" Geigy Co., Ltd.
Reomol 21P
Nonsanto Chemical Corp . , Organic
santiei~er 140
Chemicals Div.
Farbenfabriken ayer A.G.
Di sflal7101 TKP
trier syl pho~ h te
Union Caroide Cheili.cals Co . , Div. of
Flexol TCP
Union Carbide Corp.
Fl·I; Corp., Organic Chemical3 Div.
Kroni t ex .u,
Kronitex I
Geigy Co., Ltd.
'ITP
Pittsburgh Che!'!lical Co .
PX- 917
Celanese Chemical Co . , Div. Celanese
Celluflex 179C
Corp. of America
Industrial Chemicals Di
Hooker
Dechlorane
p r h orop .. n ~"·clo-, .
(5. . . 0"" , • j, 7 .tY' 8 )decane
Chemical Corp .
Celanese Chemical Co-., Div. Celanese
tri.::( 2, J-dibromopropyl) phosphate Celluflex CEF
Corp. of .Alnerica
Union Carbide Chemicals Co . , Div. of
Flexol JCF
Union Carbide Corp.
Michigan Chemical Corp .
T 23-P
Celane3e Chemical Co., Div. Celanese
tris(2,)-dichloroprop,yl) phosphate Celluflex FR-2
Corp. of America
Z.bnsanto Chemical Corp., Organic
poly-l-chloroethyl triphosphonate
Phosgard C-22R
Chemicals Di v .

v.,
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with their tradename and their manufacturers.

Even the use of halo-

gen containing polymers as additives have some disadvantages:
1.

The halogen level in the polymer is usually so low that

a massive amount of polymer is needed to obtain the desired fire
retard ncy.
2.

Decrease in thermal stability.

).

Expensive processes are needed to blend the two polymers

suitably.

Fe -1 fi.,..e retardant additives have been developed to overcome
tages.4 7,4 8 One example of these types of additives

these disad

i ~ per hloropentacyclodecane. 9

This compound is a highly chorinated solid with a melting
oint of

0°~.

This compound does not have much compatability

· th most polymers and
of

po~ers.49

usu~

increases the heat distortion point

In most cases, addition of other compounds as fil-

lers and stabilizers helps the additive fire retardants do a better
job.

For better efficiency, fire retardants should decompose near

the decomposition temperature of the polymer to do the appropriate
chemistry.
II.

Reactive "Fire Retardants

Although the additive approach may be simple, incorporating
flame retardant chemical units directly into a polymer backbone
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is more effective.
The advantages of this method are that permanent flame retardancy and the original physical properties_ of the polymer are maintained.

Some of the important flame retardant monomers used in

backbone modification are given in Table X.

The flUlctional groups

in these monomers are the major factor for incorporation of these

monomers into polymer chain.

Most of these monomers are halogenated

compounds which are the source of improvement in fire retardancy.
Generally, about 10 - 25% halogen is enough to make a fire retardant polymer, either by addition or backbone incorporation.
Chlorendic acid is the best fire retardant used for polymers.

It

has a relative thermal and hydrolytic stability and low cost, but
it reduces
o

resis~ance

to

weather~

and ultraviolet light because

he high chlorine content.

halogenated flame retardant monomers.

The reactive fire retardants

have been applied in a number of areas, such as, thermoplastic polymer 5l, epoxy resins, polycarbonates, polypheeylene oxides, polypheeyl sulfones, polyvinyl chloride, polystyrene, and in polyolefines.48
Reactive fire retardant chemicals are discussed in detail in a
variety of sources.5, 9,J0,4 9 ,50,Sl,S 2
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TABLE IX

Flame Retardant M:>nomers for Incorporation into Polymer Chains
.L10nomers

Cl

M:>nomers

Polymer chains

,0

H_

2--polyesters

Polymers chains

H Br
2
HO-cH2 J -CH2 -oH

1

Polyesters

CH Br
2
2, 2-bis(bromomethyl)1,3-propanediol

Chlorendic acid

c

Br

~

Br

0

Tetrac lorophth

ic

Tetrabromobisphenol- A

anhydride

~Br

Polyethylene

Bromo ethylene
Epoxy resins

Tetrabromophthalic
anhydride
Polystyrene
Halogenated styrene
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Purpose of this Project
In connection 1dth studies doncerned with the chemistry of
1,3-oentadiene, previous workers have investigated the vapor54
and liquid55 phase synthesis of 2,4-pentadienoic acid from 1 , 3pentadiene.

The purpose of the project described in this re-

port is an investigation of the chemistry of some derivatives of
2,4-pentadienoic acid.

5Pecifically of interest is the syn-

thesis and flame retardant properties of some braminated esters
of 2,4-pentadienoic acid.
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EXPERI11ENTAL
I.

SYnthesis of 2,4-Pentadienoic Acid

A number of methods for the preparation of 2,4-pentadienoic
acid have been reported previously in the literature.

and Ballard5

6

Bradford

have patented a process which involves the liquid

phase condensation of ane>(-metnylene alkanol with H C:CO in the
2
presence of sodium acetate as a catalyst while Coffman5 7 has prepared the acid by hydrolysis of 1-cyano- 1,3-butadiene.
of

he

~ ~ £~ ~ ~ ously

re ction o
and

However, most

reported methods of preparation are based upon the

acrolein with malonic acid in the presence of a catalyst

~eoresent modifications of Doebner's5 8 or Glushkov and Magidson's

methods.5 9

~or example, House and Ras~usson have prepared the acid

n aqueous solution using sodium metabisulfite as catalyst while
Kohler and 9ut er61 used pyridi ne as the catalyst and maintained
th

temperature of reaction at 35-40°.

A low temperature procedure

( t 0 0 ) has been reported by Burton and Ingold62 and Maskat, Becker
and Lowenstein63 as well as Farmer have reported other minor modifications in the procedure.

In this project, several acid prepara-

tion reactions were carried out using the above or related metbods .
~~ile

the properties of the acid product agreed with those reported

previous~,

the yields are due to the ver,y slow rate of reaction

when conducted at low temperatures and/or to polymerization of the
product acid when long reaction times or high temperatures are emplayed.

ihile polymerization of the product acid cannot be avoided

entirely, an improved procedure, developed during the course of this
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investigation,
The

follo ~·

~enerally

lead to 5o

0%

yields of the desired acid:

ing · s typical of the developed procedure;

240 g of malonic acid were dissolved in 350 ml of pyridine
by vigorous mechanical stirring at 30-40° in a liter, 3- neck flask
equi

ed .·dth · condenser, stirring motor and dropping funnel.

A

100 . i].portion of acrolein t-ras then added dropwise to the stirring
)elution.
the

the addition of this portion, during which time

~£ter

emoerature rises to between 65-75°, the solution is stirred
addition

(

d

ner.
~ure

The

. en

15 minutes.

25
w~

'

A

second and third portion of acrolein

esoectively) are then added in a similar man-

addition of acrolein is completed, the reaction mix-

is coo ed to room temperature and poured into 1500 g of ice.
action flask is rinsed with 5oo ml of

eous so ution.
e

75 ml of concentrated H2so .
4

dd.tio of

4

is separated and the aqueous por-

tr c ed lith an additional 150 ml of cc1

quinone were added to the extracts.
anhydrous

N~

and added to the

The reaction mixture is then acidified by drop-

.e o ig · a1 Sao ml of cc1
tion

4

cc~

, the cc1

temperature (50°).

4

4• 1 . 5 g of hydro-

After drying 12 hours over

is removed under high vaccum and low

The yellow viscous residue was immediately trans-

ferred to a 2 liter erlenmeyer flask containing 1200 ml of war.m
(40°) petroleum ether (bp 30

0°).

After st~rring for 20 minutes,

the solution was filtered and stored in the refrigerator to allow
c~stalli7.ation .

The original residue was treated in a sJ.Inilar manner with an
additional portion (500 ml) of petroleum ether.

Evaporation of
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the mother liquor provides additional product.

The acid is a

~ihite

crystalline solid after drying under vaccum; mp 71-72°c (lit. 7lo56,57,

~0°58 , 73-75°59 , 71.5-72.5°6o, 72°61 , 74-76°62 , 72°63 ).
In relation td the different melting points reported for the
acid, MUskat, Becker, and Lowenstein63 have suggested that there
are possibly two 2,4-pentadienoic acids which are either structural
or

~eometrical

isomers of one another.

IR, (KBr pellet):

3000 em

-1

(broad assoc. OH), 1690 cm-l (conj. carboX,Yl - C=O), 875 cm-1 {conj.
Thus IR analysis has confirmed reported literature by

•

6 NMR (DMSO - d ):~ultiple
6

smusson. 5

House and

at

5.5-7.5

char-

acteristic of a 1,3-conjugated diene.

II.

s.ynthesis of 1,2,3,4-Tetrabromo Esters of 2,4-Pentadienoic

id.
e

esis of the 1,2,3,4-tetrabromo esters of 2,4-pen-

tadienoic acid were performed by two procedures, A and B, respectively.
( .. ) The conjugated double bond system in the acid structure
seems to be the important key for the competing polymerization reaction in the synthesis of the acid.

Saturation of the conjugated

system with four atoms of bromine should lead to a higher yield
of the bromo acid and of the related bromoesters.

Thus, the first

attempt at preparation of the bromoesters involved bromination of
2,4-pentadienoic acid

follolt~ed

by conversion to the acid chloride

and then reaction with related alcohol.

Unfortunately, this pro-

cedure generally resulted in bromoesters lvhich were only partially·
brominated.

Apparently, dehydrobromination readily occurs during

work- up or distillation of either the bromo acid chloride or the

61
Previous workers 63 , 65 have reported similar difficul-

bromoesters.

ties with this system.

Thus, the procedure described in part (B)

was used to s.y.nthesize the desired bromoesters .
The procedure used for the synthesis of the 1,2,3,4- tetra-

(B)

bromoesters of 2,4-pentadienoic acid involved preparation of the
acid chloride followed by conversion to ester and then bromination.
:2ch of these steps is described below in detail .

Three different methods for synthesizing the acid chloride
e ~ti

(a )

·ted.

The method reported by Alder, Schumacher, and Wolff,
ene as solvent and

HCl,

general~

Th p im
comple e

triethy~amine

66

as a trapping base for

lead to low yields of acid chloride

(50% or less).

difficulty associated with this method involved the
eparation of

triet~lamine ~drochloride

from the product

acid c lo ide.

(b)

second procedure

us~ng

trap the HCl in place of internal
acid chloride in the
(c)
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an external NaOH solution to
triet~lamine,

lead to yields of

($ range .

A third procedure, using the following modifications,

was developed and used as the primary synthesis of the acid chloride .

.Nolecular sieves65 were used to absorb the HCl gas .

Absorp-

tion of the HCl was more efficient than other methods and subsequent polymerization of the product acid chloride was diminished.
Use of

cc1

4

as solvent leads to higher yields of acid chloride.

The final procedure used in the synthesis of the acid chloride is

62
62
20 g of 2,4-pentadienoic acid dissolved in 80 m1 of

as follows:

cc1 4 were added to a three neck round bottom flask containing 12
0

of molecular sieves powder (3A

g

).

The reaction vessel was equipped

with a

droppi~g

trap.

15 ml of 80C1 2 are then added dropwise to the stirring re-

funnel, stirring motor, condenser and external NaOH

action mixture during which time the temperature rises to 38-40° .
After addition of the soc1 2 , stirring is continued for two hours
and the solution is then allowed to stand until the molecular sieves
ave set

4

ed.

. .emoval of cc1

(rota-vap, high vaccum, 45- 50°) gives
4
Vaccum distillation (45-48°/ 12 mm), (lit.

ro·Nn viscous liquid.
° 11 mm) 6 yields 22.9 g (70-7$%) of the acid chloride;

~0= 1.$08$;

IR (thin il ) ; 1735 cm-l (C=O), 1615 and 1575 cm-l (C=C-c=c), 1100000 cm-l (=~-· ).
2.

thesis of Esters of 2,4-Pentadienoic Acid.

There are a number of previously reported investigations re1 ted to the synthesis of esters of 2,4-pentadienoic acid.

met~l

House and Rasmusson60 have reported the production of the
ester by eaction of the acid and an excess of diazomethane.

They

have also reported a procedure for preparation of metqyl 2-methyl2,4-pentadienoate by reaction of tripheQYl phosphine and methylo(bromo propionate.

Kohler and Butler61 have reported the methylester

production through reaction of the silver salt of the acid with
iodide.

met~l

The ethylester has been prepared by Coffman)? via hydrolysis

of cyano-4-butadiene-1, ).

Sundberg, Bubowick and Holcombe

described conditions for the etqylesters of several
pentadienoic acids from

2-al~l

acrolein and

67 have

4 alk.Yl-2,4-

triet~l

phosphonoace-

tate.

Gudgeon, Hillard and Issac

68

6~

have reported a method for con-

version of 1-cyanobuta-1:3 diene to 2,4-pentadienoic acid and then to
the related esters.
fo~

Croton aldehyde was also the starting point

the preparation of

~1

buta-1:3-diene-1-carboxylates, which

were acetylated and pyroly?.ed:
CH -cH-C H( OH )-eN

(23)
3
.41en R is ethyl or a higher alkyl group, pyrolysis can take

p ace in an alternative course, with the fussion of butadiene- 1car o£ lie acid from the ester to form the olefin derived from R.
t :s roject, the synthesis of eleven esters were investi-

T

gated by three

dif~erent

methods.

The conditions of these three

processes are similar in certain aspects to the ones discussed for
the synthesis of the acid chloride.
~e

and t
·s

first procedure was based on the reaction of acid chloride
ala: ed alcohol in the presence of triethylamine.

o

as

chlori

How·ever,

anti ned in the description of the preparation of acid
~e,

using triethylamine causes problems in filtration of the

2 3

solid , (c ~) ·:: H+Cl

J and evaporation of solvent (Ccl4).

These

problems \iere not as severe as in the production of acid chloride
and

general~

The

lead to ester yields of

5o-55%.

econd procedure used for the synthesis of the ester in-

volved using an external sodium hydroxide trap (to absorb HCl) in
place of internal

triet~lamine.

Yields of

4o-45%

were

obt~ned

from this procedure.
Before discussion of the third procedure for preparation of the
unsaturated esters, it is helpful to explain the efforts made by

J
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Banks,

~ibiger,

and Jones

6

5 "vhich led to the major modification in

s,ynthesis of the unsaturated esters.

Their investigation was bas-

ically to find a convenient method for the synthesis of methacrylates .
The usual method of synthesis of

,

unsaturated esters if performed

by reaction of acid chloride and the desired alcohols in the presence of triethylamine or a transesterification catalyst .
cedure is usually faced with competing

polym~rization

This pro-

of the reac -

t veo(,~-unsaturated ester caused by traces of free gaseous acid
chloride which is inevitably present during such a reaction.
is

allowed

This

difficulties during separation and distillation of

the desired unsaturated

est~ers

duction in the overall yeild.

which can cause an additional reTheir effort to obtain higher yields

of the unsaturated esters led to the use of molecular sieves as
scave

er ... for small molecules such as hydrogen chloride.

This

modification serves to improve product formation as well as to prevent po

eri ation .

The solvents of choice for their reactions are carbon tetrachloride for ordinary alcohols and ethylene chloride or acetonitrile for alcohols which are not soluble in

cc14•

Oxygen-con-

taining solvents such as tetrahydrofuran and ethylacetate were found
to interfere with the trapping of hydrogen chloride by the mol~-

cular sieves.
The third procedure investigated during this project with the
above mentioned modifications was employed for the synthesis of
eleven different unsaturated esters of 2, 4-pentadienoic acid.
procedure can be described in general as follows:

This
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30 g of powdered molecular sieves (3A0 ), and 280 ml of cc1 are

4

transferred to a 500 ml 3-neck round bottom flask .

A stoichiometry

amount of the desired alcohol {required to react with 15 g of the
acid chloricfe) was added to the flask .

The mixture is stirred

for half an hour at room temperature followed by dropwise addition
of a solution of 15 g acid chloride dissolved in 30 ml cc1

4

•

The

reaction is exothermic and the temperature rises to 40- 45° during
the addition.

Following the addition, stirring is continued for

12 to 7':. hours (depending upon the particular alcohol used) while
"'" e temper ture is maintained at 55-60° .
then set

~. side

The final mixture is

to allow the IOOlecular sieves to settle .

Filtra-

tion and separation of the molecular sieves followed by evaporation

oi the CCl

under high vaccum and low temperature (50°) yields a

yellowish residue.
desired ester.
th

Vaccum distillation of the residue gives the

Yields and properties of the esters prepared by

method are as follows:
uid; b

~rethylester,

65% yield; colorless

40-45°/12 mm (lit. 36- 38°/10 mm;

60

1
IR: 1700 cm- (conj.

ester C•O), 1630 and 1585 cm-l (conj . C~) , 875 cm-l (conj . -GH2=
CH); }. ·m: multiple at 5.5- 7.5{<conjugated diene).

Ethylester:

65% yield, colorless liquid; bp 72- 73°/40-42 mm (lit. 65-67°/J.O
mm;57 70-71/31 mm); 69 IR : 1720 cm-l (conj . C=O); 935 cm- l (trans
C•C), 865 cm-1 {conj . CH2=GH-) .

NMR : multiple at 5. 2- 7. 3 /ccon-

jugated diane).

~-Propylester: 55

0% yield; bp 4o-42°/10- 12 mm; IR 1700

66
cm- l (conj. ester C=O), 1635 and 1590 cm- 1 {conj . C=C) , 935 cm-1
(trans. -...H=CH), 870 cm-

1

(conj • ..C~=CH-) ; NMR multiple at 5 . 0-

7 . 1 {<conjugated diene) .

!-Propyl ester:
cm- l (conj . ester

45-5~ yield; bp 48-50°/lO- ll mm; IR: 1680

c=o), 1670

and 1630 cm-1 (conj . C=C) , 850 cm-1

(conj . CH2=CH- h NMR: multiple at 5 . 0-7. 3 J(conjugated diene) .

_!!-Butyl ester : 5o-6qg yield; bp 87-90°/32 nun (lit. 91-93° I

~o mm); 69~0
em-

1 . 4628; IR: 1705 cm-

(conj . C=~), 925 cm-

1

1

(conj . ester C=O), 1645-1625

(trans • ..CH=CH), 855 cm-1 (conj . C~=

C. I-): . _: multiple at 5 . 1- 7. 6d{conjugated diene).

~-butylester:

50% yield; bp 95-97°/25

nun) ; IR: 1680 em- l

(co ·• ester C•O), 1655- 1605 cm-l (conj. C=C) , 890 cm-1 (conj .
C. t;. =JH-);

.MR: multiple at 5 . 2- 7. 3c({conjugated diene) .

45% yield; bp 58-20°/7-8 nun; IR : 1710 em-l
(conj . e ter C=O), 1630 and 1590 cm- l {conj . C=C , 870 cm-1 {conj .
.!,-Butylester:

CH = I-);
2

'}_: multiple at

~Butylester:

5 . 3-7. l~conjugated

Problems related to steric

diene) .

hindrance6~

to a lot-r yield (30-35, ); bp 67-69°/8-10 mm; IR : 1710 cm1
ester C-o), 875 cm- (conj .

C~=CH-(;

NMR multiple at

Ied

1 (conj .

5.2-7. 3 ~

(conjugated diene) .

45-50%; bp 57-58°/10-12 nnn; IR : 1690 cm- l
1
1
(conj . ester C•O), 1630 and 1540 cm- (conj . C=C) , 920 cmAllylester :

(conj •

..C~=CH-) ;

NNR : multiple at 5 . 1- 7. 1J{conjugated d.iene) .
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Benzyl and Phenolate ester:

The only isolable product

was polymeric material.

J. Bromoester Production
2 - 3 g- of ester lvere added to a 3-neck round bottom flask
containing 20 ml of cc1 •

4

The mixture was stirred for 20 minutes

followed by dropwise addition of a Br 2/cc1 solution at room tem4
perature (the temperature rose to 38°-45° during addition) .

After

completion of the reaction, cc1 was removed under vaccum at 50°C.

4

of the possibility of

Beca~se

de~drobromination,

made to dis ill the bromoesters.

no attempt was

However, IR and NMR spectra

obt ined from the bromoesters showed the expected characteristics.
For example, all samples had IR absorption at 1720-1710 cm-1 (C=
0, esters) and 1490-1370 cm-l (C-H bending characteristic of va-

rious

lk,yl groups).

III.
o

Flame Retardancy Evaluation of 1,2,3,4-Tetrabromo Esters

2, 4- entadienoic A.cid.

st of the reported standard flame retardancy testsl,9,30,43
are applicable to either compounds with one or more polyfunctional groups in their structure or to
po

~nneric

materials.

hig~

cross linked

There are also some flame retardancy tests

which are basically designed for specific materials such as
for halogenated compounds. 3 Since most of these tests were not
useful for the flame retardancy evaluation of the synthetic bromoesters produced in this project, a simple test was developed.
This test is described in detail in the Results and Discussion
Section.
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RESULTS MiD DISCUSSION
A number of standard size samples (10 em. x

4

em. ) were

nrepared from a sheet of bleached, fire- retardant free , muslin
cotton (100%) .

The samples were arbitrarily divided into three

parts as shown in Figure 11 .

1 em

(a)

(b)

6 em

.
10 em

3 em

Figure 11 .

(c)

Sample of Cotton Used For Flame Retardancy Evaluation of Bromoesters .
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Part (a) was used to clamp the sample vertically on the
apparatus used for this procedure .
0 . 3 g of the compound to be tested.
was used

Part (b) was treated with
A small camel hair brush

to_ apply the compounds evenly on part (b) . Part (c)

was untreated and was used to initiate the fire by a match from
the corner of the cotton sample.
All or the tests were performed under the laboratory hood
with the test sample surrounded by a cardboard box (Figure 12)
in order to prevent the undesired effect of the hood's air sue tion on the tedt results.

A

F gure 12 .

Apparatus used for Flame Retardancy Evaluation
of Bromoesters . a.-Laborator,y Hood, b . -cardboard box, c.-stand, d . -clamp, e . -samples of
cotton with or without compound to be tested.
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The test procedure was perfor.med in a standard manner for
all of the samples which is described as follows :
cotton (untreated, with ester or

~dth

Sample of

bromoester) is clamped

verticallY: on the apparatus and a match flame applied to the
corner of the sample .

The flammability is evaluated by mea-

suring the time involved for burning the sample.

Thi s proce-

dure can be divided into three evaluations:
1.

Five untreated samples of cotton were burned by the

standard test mentioned above and their average flanunability
was measured.

The results are shown in Table X.

T...BLE X

ammability of Untreated Cotton Samples

Sample
Number

Time {sec) for
complete burning of sample

1

15

2

16.5

3

15.5

4

14.6

5

15.6

* Average time for complete burning of samples = 15.44 Sec .
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2.

0 . 3 g of an unsaturated ester was evenly applied on

part (b) of a cotton sample .

After 30 minutes , each sample was

burned from the corner of part (c) of the sample and the time
required far complete burning of the sample was measured.

De-

pending on the availability of each ester, two or thr ee tests
were

erformed and the average calculated.

The results are

recorded in Table XI.
TABLE XI
. ~ amm

) ility of Un~aturated Esters of 2,4- Pentadienoic Acid

(CH2=CH-GH=CH-GOOR)
of CJS=CH-GH=C

~R

Time (Sec)
For Complete Burning
of Sample

14.2
n-

1

14.4

opyl

14.3

n- Butyl

14.3
15.1

sec - Butyl

15.3

i - Butyl

15.3

tert-Butyl

15.5

. llyl

14.3

'1enzyl

16. 2
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This data indicates that the unsaturated esters are flammable .

That is, the time required for complete burning is al-

most identical to that for the untreated samples, except for
ben~yl

it

ester.

The latter result is possibly due to an impur-

in the benzyl ester.

0. 3 g of bromo ester was evenly applied to part (b) of
each cotton samole and the same burning procedure described above
·ras
co

ied.

In this case, part (c) of the sample 1v-as burned

1 etely but the flame l-tas extinguished when it reached to

(b) .· .ere the bromo ester had been applied.

e

The time

invol ed for flame extinguishment at part (b) was dependent on
he pa vicular bromoester being tested.

In addition, flame ex-

tinguishment -.ras followed in each case by char and fwne fortio
time

_s

~.ell

eq~ed

~s

a few seconds after-glow.

Thus, the different

.LOr extinguishment of the flame, the different

en 0 hs of T:'art (b) which burned and the length of the afterglow serve as a good basis for comparing the flame retardant
characteristics of the various bromoesters .

For example, the

data reported in Table YII indicate that all of the bromoesters
have flame retardant properties and by comparison the allyl
ester appears to be the most efficient .

The fire retardancy.

of these bromoesters apparently occurs in the gas phase followed
by the production of free radical traps to snuff the flame .

TABLE XII
R of 1, 2, 3, 4-Tetrabromoester
of 2, 4-Pentadienoic Acid

Self Exti
shing Time ( ec )

Length of
Part (b) burned
(em.)

Length of
Part (b)
Left (em . )

Length of
After-glow
{f;ec)

l.fethyl

13. 1

..4

5. 6

3

Ethyl

13.1

.3

5.1

3

n- Propyl

10

.3

5. 7

2

i - Propyl

11 . 2

.2

5. 8

3

n-Buty1

10. 3

.2

5. 8

2

sec-Butyl

11. 1

.2

5. 8

2

i-Buty1

13

.1

5.9

2

tert-Butyl

11

.1

5.9

1

Benzyl

12. 7

.1

5.9

2

Allyl

9. 1

.1

5.9

1
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